TE-I through -III, in the C/EBP␣ transactivation domain
. We transduced NIH3T3 fibroblasts with pBabePuro retrovirus encoding wild-type C/EBP␣ or C/EBP␣ derivatives lacking each individual TE, as well as a C/EBP␣ mutant lacking the putative C/EBP␣ GSK3 and PKC phosphorylation sites (D200-256; Ross et al., 1999) ( Figure 1A) . Adipogenesis was severely impaired in the absence of TE-I or TE-III, as observed by morphology ( Figure 1B ) and quantitative Oil Red O staining ( Figure 1C ), despite expression of the mutant proteins at the same level as wild-type C/EBP␣ ( Figure 1D ), indicating that these two domains mediate nonredundant functions during adipocyte differentiation. In contrast, TE-II and amino acids 200-256 were not essential for C/EBP␣-mediated adipogenesis in vitro. In order to correlate the ability of C/EBP␣ to induce adipocyte differentiation to its capacity to repress cell proliferation, we used a modification of the selection scheme devised by Umek et al. (1991) . We transduced NIH3T3 cells with retrovirus encoding fusions of the various C/EBP␣ derivatives to EGFP and selected for the retroviral construct under conditions of exponential growth. This results in high expression of those C/EBP␣ alleles that have little growth inhibitory potential, and low expression of those that strongly suppress growth. This can be quantified by determination of EGFP levels using flow cytometry. NIH3T3 cells were infected with pBabePuro-based retrovirus encoding the C/EBP␣-EGFP fusion proteins and allowed to proliferate under puromycin selection for approximately 15 population doublings. Importantly, the EGFP fluorescence was maintained throughout the cell populations, showing that loss of expression of the C/EBP␣-EGFP fusion proteins did not occur (Figure 2A ). Flow cytometry showed that expression of the C/EBP␣ D1-70-EGFP fusion was uniformly and significantly ( Figures 2A and 2B ) increased compared to the wild-type C/EBP␣-EGFP fusion in proliferating populations, whereas a modest increase was observed for the other three deletion mutants ( Figure 2B ).
We analyzed several potential mechanisms for C/EBP␣-mediated growth inhibition, such as pRb interaction, p21cdki interaction and E2F repression. Of these C/EBP␣ to induce adipocyte differentiation, and suggested that the nonredundant function of TE-III was sibility that TE-I mediates other unique functions that unrelated to E2F inhibition. Indeed, we have found that could account for its inability to induce adipogenesis the essential TE-III function is recruitment of the SWI/ led us to search for additional C/EBP␣ mutants defective SNF chromatin remodeling complex (T.Å ., E. KowenzLeutz, A. Leutz, and C.N., submitted). However, the posin E2F inhibition.
Conserved Non-DNA Binding Residues in the C/EBP␣ Basic Region Are Required for E2F Repression and Adipogenesis
We systematically analyzed the basic region-leucine zipper domain for residues required for E2F repression. Replacement of the C/EBP␣ leucine zipper with the GCN4 leucine zipper had no effect on repression of E2F1/DP1-mediated transcription (data not shown). We next mutated basic region residues which, based on molecular modeling of the C/EBP␣ protein on crystal structures of the related c-Fos, c-Jun, and GCN4 proteins, are predicted to reside on the non-DNA binding face of the basic region ␣ helix (BRM1, -2, and -3; Figure  3B ) or are located beyond the residues involved in DNA contact in known bZIP structures, but highly and specifically conserved in C/EBP proteins (BRM5; Figure 3A ). Of these mutants BRM2 and BRM5, but not BRM1 or BRM3, were impaired in their ability to repress E2F1/ DP1-dependent transcription ( Figure 3C ). The same two mutants were found to have a significantly decreased ability to suppress growth (both comparable to the TE-I deletion mutant; Figure 3D ). Finally, while all of the C/EBP␣ mutant proteins showed the same nuclear localization (by immunofluorescence microscopy) and in vitro DNA binding (by gel retardation analysis) as wild-type C/EBP␣ (data not shown; see below Figure 5E ), both C/EBP␣ BRM2 and BRM5 were strongly impaired in their capacity to promote adipogenesis as measured by triglyceride accumulation ( Figure 3E ), and to induce expression of adipocyte-specific genes, such as PPAR␥ and aP2 (data not shown), after transduction into NIH3T3 adipocytes. These results were consistent with repression of E2F activity by C/EBP␣ being a requirement during adipocyte differentiation.
Ectopic E2F1 Activity Blocks Adipogenesis In Vitro
To further address this question, the 3T3-L1 preadipocyte cell line, which can be hormonally induced to undergo C/EBP␣-dependent adipocyte differentiation ( Figure 5A . In addition to generating a control knockin of the wild-type C/EBP␣ sequence (WTKI), we introduced the BRM2 and BRM5 E2F repression-deficient alleles, and the putative hypermorphic BRM1 allele. In all cases the neomycin selection cassette was flanked by loxP sites, enabling its removal through Cre-mediated recombination. However, we found no abnormalities in the WTKI mice in the presence of the neo marker (see below), and analysis of the knockin strains was therefore performed without deleting the cassette. Henceforth the true wild-type C/EBP␣ allele will be designated "ϩ," the wild-type control knockin "WT," the BRM1 knockin allele "1n," etc. In contrast to the C/EBP␣ knockout mice, homozygotes of all of the knockin alleles survived birth, although lower than Mendelian ratios of the 2n/2n and 5n/5n genotypes were observed at the adult stages (8 weeks) at which they were analyzed. The C/EBP␣ knockout mice die perinatally from hypoglycemia, most likely caused by inability to synthesize glycogen, and newborns have reduced levels of GS, G6Pase and PEPCK mRNA ( us to investigate the biochemical association between C/EBP␣ and the E2F complex in vivo, under conditions where indirect effects due to the introduced mutations dependent transcription is an essential function of were minimal or absent. We subjected nuclear extracts C/EBP␣ during adipocyte differentiation.
from the livers of mice with the various targeted mutations to gel retardation analysis with an E2F binding site E2F1 Repression-Deficient C/EBP␣ Alleles Do Not from the dehydrofolate reductase gene (DHFR probe).
Affect Liver Function In Vivo
As previously described (Slomiany et al., 2000), we were In order to analyze the requirement for C/EBP␣-mediable to supershift E2F complexes from extracts of liver ated E2F repression in vivo, we introduced point mutanuclei from wild-type mice using an anti-C/EBP␣ antibody, but not anti-C/EBP␤ antibody ( Figure 5F ). This tions into the C/EBP␣ locus through homologous re- Figures 6A and 6C) . lation, in the 2n/2n and 5n/5n genotypes ( Figure 7B ). In The size of the adipocytes found in the fat pads was those cases where granulocyte-like cells were observed, they appeared large and dysplastic ( Figure 7A ; slightly (ovarian fat pads) or significantly smaller (testicu- 
2n/2n panel) or apoptotic (5n/5n panel). However, overall was detected in the heterozygous genotypes (not shown). we did not detect any significant increase in apoptosis (as measured by Annexin-V and TUNEL staining) in bone marrow cells isolated from mice harboring E2F represDiscussion sion-deficient C/EBP␣ alleles (data not shown). Other hematopoietic lineages were all present in bone marrow
The
Role of E2F Repression in C/EBP␣-Mediated (erythroid cells), thymus (T cells), and spleen (B cells, T Growth and Differentiation cells, erythroid cells), and cultures of bone marrow cells
The results presented here provide evidence that rerevealed no defect in macrophage precursor number or pression of the E2F complex is an essential C/EBP␣ differentiation ( Figure 7C and data not shown) , indicating function during adipocyte differentiation in vitro, and that the hematopoietic defect is specific to the granulothat loss of C/EBP␣-mediated E2F repression in vivo cyte lineage. Importantly, in bone marrow the decrease results in dysplasia of neutrophil granulocytes and hypoin the granulocyte population was paralleled by an inplasia of white adipose tissues, two cell types that absocrease in Ter119-positive erythroid cells, indicating that lutely require C/EBP␣ for their differentiation. the myeloid cells did not accumulate at an immature, We find that C/EBP␣ represses the transcriptional activation mediated by E2F1/DP1 (Slomiany et al., 2000) antigen-negative stage. Also in this case no phenotype . Also, E2F1 with a mutation that decreases seems to have a broad specificity toward the E2F comits affinity for pocket proteins is still repressed by plex, targeting both the E2F1/2/3 and E2F4/5 subfami-C/EBP␣ (T.P. and C.N, unpublished), and deletion of lies, and repressing both of these to be required during C/EBP␣ TE-II, which is the main pRb interaction domain granulopoiesis.
in C/EBP␣, has a modest effect on E2F repression and We cannot exclude that the BRM2 and BRM5 mutadoes not detectably affect adipogenesis. The C/EBP␣ tions affect C/EBP␣ functions other than E2F repression. and pRb pathways of E2F repression therefore appear However, such distinct functions would not be likely to to work independently. Along with the observation that be affected by the same subset of C/EBP␣ mutations, pRb is required during adipocyte differentiation in vitro and microarray-based gene expression analysis has not (Chen et al., 1996), this indicates that pRb and C/EBP␣ revealed any effects of the BRM alleles on the expresact in parallel to repress E2F, both being required for sion of known C/EBP␣ target genes (including GS, seefficient repression and differentiation to occur, whereas rum albumin, G6Pase, or PEPCK) in vivo, nor do we find we do not observe a strong correlation between any DNA binding defect in C/EBP␣ molecules isolated C/EBP␣-pRb interaction and adipogenesis. from mice homozygous for the various C/EBP␣ alleles.
In summary, our results provide direct genetic eviWe therefore believe that the effects we observe in the dence that repression of the E2F complex is an essential 2n/2n and 5n/5n genotypes are mainly attributable to in vivo function of the C/EBP␣ transcription factor during their defect in E2F repression. normal development. This provides an example of a lineage-instructive transcription factor mediating termiTissue-Specific Requirement for E2F Repression nal differentiation through direct interference with the by C/EBP␣ cell cycle machinery. Significantly, the most common We find that the requirement for C/EBP␣-mediated E2F C/EBP␣ mutation observed in AML patients leads to repression is tissue specific, in that no abnormalities overexpression of the p30 form of C/EBP␣ ( from Santa Cruz Biotechnology) were used they were added toperiod to maintain subconfluence, after which cells were harvested gether with the labeled probes. Samples were resolved on a 6% for FACS analysis. 3T3-L1 cells (obtained from the ATCC) were polyacrylamide gel in 0.5ϫ TBE buffer. transduced as described above, and were grown and differentiated as previously described (Cao et al., 1991). 1 M 4-hydroxy tamoxifen RNA Preparation and Northern Blotting was included in the medium used to differentiate the cells. Q2bn
Total RNA was prepared according to Chromczynski and Sacchi fibroblasts were cultured and transiently transfected and assayed (Chomczynski and Sacchi, 1987 
Western Blotting
Probes were labeled with 32 P-␣dCTP (Amersham-Pharmacia) using Western blotting of C/EBP␣ was performed as described (Nerlov random priming (RadPrime; Life Technologies). Hybridization was and Ziff, 1994). Primary antibodies were C103 rabbit anti-C/EBP␣ done in Quickhyb (Stratagene) and stringent washes in 0.2ϫ SSC, antiserum, rabbit anti-C/EBP␣ (sc-61; Santa Cruz Biotechnology), 0.1% SDS at 65ЊC. 12CA5 mouse monoclonal anti-HA tag antibody (Sigma).
GST Pull Down
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